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Con9nuing	
   my	
   long-­‐standing	
   interest	
   in	
   using	
   the	
   electron	
  
transport	
  in	
  noble	
  liquids	
  to	
  develop	
  new	
  par9cle	
  detectors,	
  I	
  have	
  
started	
   to	
  work	
  with	
   liquid	
  helium	
  and	
  neon,	
  where	
   the	
   charged	
  
state	
  is	
  unusual,	
  an	
  electron	
  in	
  a	
  cavity,	
  an	
  “electron	
  bubble.”	
  	
  The	
  
use	
   of	
   this	
   state	
   for	
   tracking	
   offers	
   unusual	
   opportuni9es	
   for	
  
applica9ons	
   to	
   studies	
   of	
   neutrinos,	
   due	
   to	
   the	
   high	
   spa9al	
  
resolu9on	
  and	
  low	
  backgrounds	
  available	
  in	
  large	
  volumes.	
   	
  There	
  
are	
   outstanding	
   ques9ons	
   in	
   the	
   physics	
   of	
   the	
   electron	
   bubbles	
  
that	
  we	
  wish	
  to	
  study	
  for	
  the	
  tracking	
  applica9ons	
  we	
  are	
  pursuing	
  
and	
  well	
  as	
  for	
  their	
  own	
  interest.	
  
	
  
From	
  Bill’s	
  Faculty	
  Bio	
  page	
  at	
  the	
  Columbia	
  University	
  Physics	
  Department	
  web	
  site	
  

	
  



The eBubble Detector	


The	
  electron-­‐Bubble	
  (eBubble)	
  Project	
  was	
  mo9vated	
  as	
  a	
  low-­‐energy	
  solar	
  
(pp	
  fusion)	
  neutrino	
  detector	
  looking	
  at	
  elas9c	
  sca_ering	
  on	
  atomic	
  
electrons	
  
	
  
with	
  good	
  energy	
  resolu9on	
  and	
  direc9onal	
  track	
  determina9on	
  for	
  
neutrinos	
  below	
  300	
  keV.	
  
	
  	
  
In	
  helium	
  and	
  neon,	
  thermalized	
  ioniza9on	
  electrons	
  produced	
  by	
  neutrino	
  
sca_ering	
  recoils	
  are	
  trapped	
  in	
  a	
  vacuum	
  bubble	
  states	
  (ebubbles)	
  along	
  
the	
  original	
  trajectory.	
  
	
  
The	
  ebubble	
  states	
  are	
  thermal	
  carriers,	
  ensuring	
  	
  minimum	
  diffusion,	
  and	
  
therefore	
  highest	
  spa9al	
  resolu9on.	
  
	
  
BUT,	
  we	
  need	
  gain	
  to	
  approach	
  lowest	
  neutrino	
  energies,	
  AND	
  we	
  want	
  op9cal	
  
readout	
  to	
  use	
  commercial	
  CCD	
  readout.	
  
	
  
Baseline	
  is	
  cri+cal	
  density	
  Ne	
  at	
  0.48	
  kg/l	
  (~26atm@	
  44K)	
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The	
  electron-­‐bubble	
  (eBubble)	
  
Project	
  was	
  originally	
  proposed	
  as	
  
a	
  low-­‐energy	
  solar	
  (pp	
  fusion)	
  
neutrino	
  detector	
  looking	
  at	
  
elas9c	
  sca_ering	
  on	
  atomic	
  
electrons	
  
	
  
	
  
with	
  good	
  energy	
  resolu9on	
  and	
  
direc9onal	
  track	
  determina9on	
  for	
  
neutrinos	
  below	
  500	
  keV.	
  

Our Signal: Recoil Energies	





Electron Range and Specific Ionization���
in Critical Density Neon	



Range	
  and	
  specific	
  ioniza9on	
  for	
  electrons	
  in	
  cri9cal	
  density	
  neon	
  from	
  NIST	
  database	
  
ESTAR	
  (h_p://physics.nist.gov/PhysRefData/Star/Text/ESTAR.html).	
  

For	
  charge,	
  
recombina9on	
  must	
  
be	
  included:	
  
Free	
  electrons	
  are	
  0.4	
  
–	
  0.8x	
  ini9al	
  
ioniza9on	
  

Range	
  

Charge	
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Pointing Resolution :	


CASINO simulation of 250 keV electrons in 0.483g/cc of Ne	



• 	
  Fit	
  projec9ons	
  xy,	
  yz,	
  xz.	
  
errors	
  weighted	
  by	
  energy	
  of	
  
pixels/total	
  	
  
• 	
  	
  first	
  3	
  or	
  4	
  pixels	
  

tr
ue

	
  d
ire

c9
on
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•  Free	
  electrons	
  in	
  high	
  density	
  helium	
  and	
  
neon	
  have	
  been	
  shown	
  to	
  be	
  localized	
  in	
  
bubbles	
  in	
  the	
  fluids	
  consis9ng	
  of	
  an	
  
electron	
  in	
  an	
  atomic	
  void.	
  	
  

•  The	
  forma9on	
  of	
  electron-­‐bubbles	
  
(ebubbles)	
  is	
  due	
  to	
  the	
  Pauli	
  repulsion	
  
between	
  the	
  electron	
  and	
  the	
  atomic	
  
electrons	
  of	
  the	
  bulk	
  fluid.	
  	
  

•  The	
  increasing	
  polarizability	
  and	
  surface	
  
tension	
  of	
  heavier	
  noble	
  liquids	
  (Ar,	
  Kr,	
  
Xe)	
  prevents	
  the	
  forma9on	
  of	
  an	
  ebubble	
  
state.	
  	
  

•  The	
  ebubbles	
  are	
  thermal	
  and	
  therefore	
  
have	
  minimum	
  diffusion.	
  	
  

•  Mobility	
  can	
  be	
  varied	
  by	
  changing	
  fluid	
  
density	
  

•  eBubble	
  state	
  is	
  destroyed	
  at	
  high	
  electric	
  
fields	
  (as	
  in	
  GEM	
  holes)	
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A.F.Borghesani	
  and	
  M.San9ni,	
  Electron	
  mobility	
  and	
  
localiza1on	
  effects	
  in	
  high-­‐density	
  Ne	
  gas,	
  Phys.	
  Rev.	
  
A42,	
  7377,	
  (1990).	
  

The eBubble State	





Mobility and Diffusion of Electrons in High-Density Neon	



Data	
  from	
  
Borghesani,	
  IEEE	
  Trans	
  Dielectrics	
  13	
  (2006)	
  492	
  (Fig.	
  8)	
  
and	
  
Bruschi	
  et	
  al.,	
  PRL	
  28	
  (1972)	
  1504	
  
	
  
	
   8	
  Feb	
  10,	
  2010	
   eBubble	
  Collabora9on	
  Mee9ng	
  at	
  SMU	
  	
  	
  	
  C.	
  Thorn	
  

NC	
  is	
  the	
  cri9cal	
  density	
  
NEBC,Max	
  is	
  the	
  maximum	
  density	
  obtainable	
  in	
  the	
  EBC	
  (40	
  atm)	
  	
  
	
  

kTFLUID=D/µ	
  for	
  eBubbles	
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Zero-­‐field	
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  Ne	
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  vs.	
  density,	
  
extrapolated	
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  the	
  liquid	
  state	
  



eBubbles Trap at the Liquid-Vapor Interface	



Schoepe,	
  W.	
  and	
  G.W.	
  Rayfield,	
  Tunneling	
  from	
  Electronic	
  Buble	
  
States	
  in	
  Liquid	
  Heium	
  through	
  the	
  Liquid-­‐Vapor	
  Interface,	
  PR	
  A7	
  
(1973)	
  2111	
  

	
  

• 	
  Dielectric	
  discon9nuity	
  at	
  the	
  interface	
  (εliq > εgas)	
  
due	
  to	
  dielectric	
  constants	
  

• 	
  Poten9al	
  well	
  just	
  beneath	
  surface	
  
• 	
  eBubble	
  has	
  low	
  probability	
  of	
  tunneling	
  through	
  
this	
  poten9al	
  barrier	
  per	
  unit	
  9me	
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The	
  trapping	
  9mes	
  t	
  as	
  a	
  func9on	
  of	
  the	
  electric	
  field	
  EL	
  at	
  35.4	
  K.	
  
Galea,	
  et	
  al.,	
  Charge	
  transmission	
  through	
  liquid	
  neon	
  and	
  helium	
  
surfaces,	
  JINST	
  2	
  (2007)	
  P04007	
  

Two	
  Phase	
  Detector	
  



A	
  schema)c	
  drawing	
  of	
  full-­‐size	
  1T	
  eBubble	
  Chamber	
  	
  

•  1m3	
  demonstrator	
  

•  High	
  pressure	
  cryostat	
  opera9ng	
  for	
  
35-­‐45	
  K,	
  up	
  to	
  40atm	
  

•  Readout	
  plane	
  is	
  GEM	
  foils,	
  imaged	
  
by	
  CCDs	
  

•  CCDs	
  provide	
  high	
  pixel	
  count	
  at	
  
low	
  cost/pixel	
  for	
  cost	
  effec9ve	
  
readout	
  if	
  enough	
  light	
  is	
  produced	
  
in	
  avalanches.	
  	
  	
  	
  

•  Baseline	
  –	
  Cri9cal	
  density	
  Ne;	
  
0.48kg/l	
  (~26atm	
  @	
  44K)	
  

•  Goal	
  –	
  supercri9cal	
  Ne:	
  1kg/l	
  (40	
  
atm	
  @	
  40K)	
  
	
  
	
  
	
  
	
  
	
  

eBubble: Development of a Neutrino Tracking Detector Using 
GEM Avalanche Light Production in Neon	
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Work Toward a Practical eBubble Detector	



Measure	
  charge	
  and	
  light	
  output	
  of	
  GEMs	
  in	
  high	
  density	
  neon	
  

Determine	
  condi9ons	
  to	
  maximize	
  light	
  output	
  from	
  GEMs	
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Possible	
  Penning	
  Gases	
  

Operating Range: 
• Above critical pressure 
• Below 40 atm 
• Above freezing line 
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H2	
  only	
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Ar	
  

CO	
  

N2	
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Charge	
  gain	
  in	
  Ne	
  +	
  H2	
  mixtures	
  

,

0

av e d VN
Gain e e

N
α η= = =
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•  Charge	
  gain	
  achieved	
  by	
  electron-­‐impact	
  ioniza9on	
  and	
  Penning	
  ioniza9on:	
  
•  Ne+H2	
  makes	
  a	
  good	
  Penning	
  pair.	
  
	
  

•  Our	
  results	
  agree	
  with	
  the	
  literature:	
  Chanin	
  and	
  Rork,	
  PR	
  132	
  (1963)	
  2547	
  	
  
	
  

	
  
	
  

2Ne e Ne e++ +→
2 2

*Ne H Ne H e++ + +→
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At	
  low	
  H2	
  concentra9ons	
  and	
  high	
  total	
  pressure,	
  a	
  con9nuum	
  emission	
  extending	
  into	
  the	
  
UV	
  dominated	
  the	
  op9cal	
  content	
  of	
  GEM	
  avalanches.	
  

Bound-­‐free	
  fluorescence	
  of	
  NeH	
  as	
  a	
  func+on	
  	
  
of	
  excita+on	
  energy	
  	
  (from	
  Thomas	
  Mὄller	
  el	
  at.	
  Chem.	
  Phys.	
  LeE.136(1987)551)	
  

The	
  emitng	
  is	
  presumed	
  to	
  be	
  NeH*	
  
produced	
  in	
  the	
  Penning	
  reac9on	
  

2
* *Ne H NeH H e+ −+ + +→

Op9cal	
  Spectra	
  of	
  GEM	
  Avalanches	
  in	
  Ne	
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  Neutrino	
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In
te
ns
ity

(a
.u
.)	
  

Measured	
  Spectra	
  for	
  Gem	
  Avalanches	
  in	
  NE	
  +	
  X	
  

*The	
  con1nuum	
  part	
  is	
  magnified	
  for	
  visualiza1on.	
  

Ne	
  

+0.05%	
  N2	
  

+0.1%	
  Ar	
  

+0.025%	
  H2	
  

+0.05%	
  H2	
  

+0.1%	
  H2	
  

x1	
  

x1	
  

x1	
  

x8	
  

x8	
  

x8	
  



The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, 
you may have to delete the image and then insert it again.
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Light	
  Output	
  for	
  GEM	
  Avalanches	
  in	
  Ne	
  
as	
  the	
  ra9o	
  of	
  photons	
  to	
  electrons	
  

Light	
  yield	
  (nγ/ne)	
  vs.	
  	
  H2	
  density	
  

QOUT=106	
  e-­‐	
  

Light	
  yield	
  (nγ/ne)	
  vs.	
  	
  Ne	
  density	
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Chemical	
  Kine+cs	
  Model	
  	
  

• 	
  Charge	
  Gain	
  and	
  Light	
  Yield	
  both	
  depend	
  on	
  H2	
  concentra9on,	
  
but	
  are	
  rela9vely	
  independent	
  of	
  temperature	
  

• 	
  High	
  Light	
  Yield	
  is	
  maximized	
  by	
  varying	
  both	
  pressure	
  and	
  H2	
  
concentra9on	
  	
  

• 10	
  photons/electron	
  at	
  maximum	
  

• A	
  gas	
  kine9c	
  model	
  can	
  qualita9vely	
  predict	
  the	
  charge/light	
  
produc9on	
  

	
  
	
  

Light	
  Gain	
  in	
  Ne+H2	
  and	
  Model	
  Predic9on	
  

Measurements	
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01/22/2008 	
  	
   SMU	
  Ebubble	
  Workshop	
  

    Full frame rate: (NxN) [Hz]   
DU-897 Pixel size(um) 512x512 256x256 128x128 
1x1 16 35 68 132 
2x2 32 68 132 248 
4x4 64 131 246 439 
          

## Assumes 1:1 Magnification and the maximum is the diagonal of the CCD.  
            
** Assumes an ebubble drift velocity of 6cm/s in Neon 44K & 26atm and Edrift=100V/
cm. 
   Similar drift velocity for ebubble in Helium at 10K & 10atm.   
            

	
  
Want	
  to	
  be	
  fast	
  enough	
  and	
  sensi9ve	
  enough	
  to	
  
demonstrate	
  the	
  TPC	
  technique	
  using	
  e-­‐bubbles	
  
in	
  Cri9cal	
  density	
  Ne	
  (26atm	
  &	
  44K).	
  

Andor	
  technology:	
  	
  
iXon	
  with	
  EMCCD	
  
DU-­‐897	
  

CCD	
  camera,	
  with	
  internal	
  electronic	
  gain	
  	
  

Back	
  Illuminated	
  :	
  
QE=92.5%	
  at	
  600nm	
  
Dark	
  current	
  <0.1pe/pixel	
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30	
  Psi	
   60	
  Psi	
  

100	
  Psi	
   150	
  Psi	
  

Op9cal	
  Readout	
  by	
  EMCCD	
  

•  The	
  CCD	
  op9cal	
  readout	
  has	
  been	
  tested	
  at	
  
room	
  temperature.	
  

•  The	
  EMCCD	
  image	
  shows	
  good	
  spa9al	
  
resolu9on	
  of	
  GEM	
  holes	
  

•  The	
  cost	
  of	
  the	
  op9cal	
  readout	
  can	
  be	
  
significantly	
  lower	
  than	
  electronic	
  readout.	
  

Coherent	
  Neutrino	
  Workshop	
  Dec	
  6,	
  2012	
  



Imaging	
  alpha	
  tracks	
  

4.50	
  pixels	
  per	
  GEM	
  hole	
  spacing	
  The	
  computed	
  track	
  width	
  due	
  to	
  the	
  coulomb	
  force	
  is	
  0.0817	
  mm	
  
The	
  computed	
  width	
  due	
  to	
  transverse	
  diffusion	
  is	
  0.442	
  mm	
  
The	
  measured	
  track	
  width	
  is	
  0.326	
  ±	
  0.074	
  mm	
  

ü Pressure	
  of	
  7	
  atm	
  of	
  neon	
  at	
  298	
  K	
  
ü Cm244	
  source	
  behind	
  collimator	
  (5.902	
  MeV	
  alpha)	
  
ü About	
  6	
  mm	
  of	
  track	
  visible,	
  remainder	
  in	
  collimator	
  and	
  source	
  
(3.685	
  MeV	
  alpha	
  has	
  a	
  6	
  mm	
  range)	
  

ü 175500	
  pairs/cm	
  at	
  35	
  eV/ion-­‐pair	
  with	
  no	
  recombina9on	
  

ü 6.6	
  mm	
  dri{	
  distance	
  
ü 1kV/cm	
  dri{	
  field	
  
For	
  these	
  condi9ons	
  
Coulomb	
  broadening	
  is:	
  
	
  
	
  
	
  
	
  
Transverse	
  diffusion	
  (from	
  Magboltz)	
  is:	
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Op9cal	
  transport	
  from	
  GEM	
  to	
  CCD	
  



Prototype	
  &	
  Final	
  Op9cal	
  System	
  Similari9es	
  

•  Fiber	
  light	
  collec9on	
  
– NA	
  0.23,	
  half	
  angle	
  ~13.3	
  degrees,	
  	
  2.2%	
  of	
  GEM	
  
light	
  into	
  half	
  sphere	
  

•  Flexibility	
  in	
  placement	
  of	
  GEM,	
  windows,	
  
CCD.	
  

•  Throw	
  distance	
  of	
  collimated	
  free-­‐space	
  part	
  
of	
  link.	
  

•  Cryogenic	
  and	
  high	
  pressure	
  environment	
  of	
  
fiber	
  and	
  microlens	
  arrays.	
  



Differences	
  in	
  Prototype	
  &	
  Final	
  Op9cal	
  Systems	
  

•  Sparse	
  image	
  on	
  CCD	
  
	
  
	
  
	
  

•  Expand	
  to	
  250	
  	
  micron	
  
pitch	
  at	
  microlenses	
  	
  

•  Small	
  size	
  of	
  GEM,	
  	
  
window,	
  and	
  CCD	
  
u9lized	
  

•  Use	
  demagnifica9on	
  
and/or	
  fiber	
  tapering	
  to	
  
improve	
  density	
  of	
  
informa9on	
  on	
  CCD	
  	
  

•  Maintain	
  140	
  micron	
  
pitch	
  at	
  microlenses	
  

•  Design	
  to	
  match	
  GEM	
  to	
  
CCD	
  



Summary	
  

•  Es9mated	
  system	
  gain:	
  	
  0.01	
  x	
  5	
  x	
  103	
  x	
  0.5	
  =	
  50	
  pe	
  
per	
  ioniza9on	
  electron	
  

•  High	
  spa9al	
  resolu9on	
  (140	
  um)	
  
•  Variable	
  density	
  can	
  be	
  used	
  to	
  tune	
  range	
  and	
  
ioniza9on	
  per	
  GEM	
  hole	
  

•  Threshold	
  should	
  sub	
  kev	
  for	
  electron	
  recoils,	
  
somewhat	
  more	
  for	
  nuclear	
  recoils	
  


